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Abstract 
Manufacturing processes are constantly facing the demand for higher efficiency regarding time, costs and resource consumption. In addition, 
challenges arise from the use of new materials and stricter requirements concerning the efficiency of the final product in use. Besides the 
economic perspective of realizing a highly efficient production and sustainable products, a new level of standards is set by politics and industry. 
To meet these demands, it may no longer suffice to improve processes by optimizing process parameters. Instead, advanced machine and tool 
concepts will be necessary and therefore have to be developed. An innovative approach to enhance the cutting process is the integration of 
adaptronic systems. This integration can happen at different levels, from no close loop control to using additional feed drives and in the cutting 
tool or in the machine. The paper presents examples from research at Fraunhofer IWU for the application of adaptronic systems in machining 
processes, such as ultrasonic assisted machining, adaptronic form honing and adaptive spindle support for precision finishing of cylinder bores. 
Properties of the actuators and the adaptronic systems are described and the effects on both, the efficiency of the machining process and the 
final product performance, are discussed. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. Introduction 
Since the demand from industry and politics for resource 
and energy efficient processes has increased, the relevance of
High Performance machining processes has grown, too. The 
use of new materials and the increasing material diversity 
accelerated the investigation and development of HPC
technologies. The integration of adaptronic systems and 
controlled hybrid processes is one of the focused topics at the 
Fraunhofer Institute for Machine Tools and Forming 
Technology IWU, to enhance the capacity of cutting 
processes. Integration of adaptronic systems using sensors and 
actuators allow for immediate control of the machining
process. Adaptronic systems, with the actuator as key element, 
are able to actively respond to external influencing factors on 
the system or process, for example, magnetic field, 
temperature and pressure. Such sensors and actuators are 
based on active materials, for example piezo-actuators and 
shape memory alloys. In combination with machine control 
and feedback control technology they enable the development 
of the cutting technologies towards more flexibility and an 
extended range of applications. Besides, performance and 
quality, efficiency and economy of the cutting processes can 
be improved. 
2. Definition and general properties of adaptronic systems 
The origin of adaptronic systems dates back to the early 
1980s. It specifies the enhancement of mechatronic systems 
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using so called smart materials for realizing multiple 
functions [1]. Smart materials are able to change their 
properties as a function of the actual values of parameters 
such as temperature, electric or magnetic field. In technical 
systems these characteristics can be applied using a unique 
material property by modifying the value of a specific 
parameter. 
Mechatronic systems as shown in Fig. 1 (a) usually consist 
of discrete elements for structure, sensor, actuator and control 
function. In adaptronic systems these essential elements are 
rather affiliated since the applied smart materials are not just 
an integral part of the system, they are a part of the structure 
itself combining sensing, actuation and mechanical functions 
(Fig. 1 (b)). 
 
 
Fig. 1. Characteristics of mechatronic (a) and adaptronic systems (b). 
Appropriate smart materials include piezo ceramics, shape 
memory alloys and electromagnetically activated fluids and 
polymers [2]. Piezo ceramics have been widely applied as 
actuators in several applications. One of the best known 
examples is their application as injection valves in diesel 
engines. The first application of piezoelectric actuators in 
production engineering was ultra-sonic machining (USM) and 
dates back to 1950. USM is an economically viable operation 
by which a hole or a cavity can be pierced in hard and brittle 
materials, whether electrically conductive or not, using an 
axially oscillating tool combined with abrasive slurry for 
material removal. The tool oscillates with small amplitudes of 
10…15 μm at high frequencies of 18…40 kHz justifying the 
term “ultrasonic” [3, 4]. Shape memory alloys are materials 
which are able to change their geometric properties (shape), 
when a thermal or magnetic field is applied. The main 
advantage of shape memory alloys is their high energy density 
which enables them to serve as lightweight actuators [5]. 
Rheological fluids are known as magnetorheological (MRF) 
or electrorheological fluids (ERF). They are basically a 
suspension of silicon oil and iron (MRF) or polymer particles 
(ERF). These fluids are able to increase their viscosity when a 
certain field (MRF-magnetic, ERF-electric) is applied. By 
varying the field intensity, the yield stress of the fluid can be 
controlled very accurately, consequently the force acting on 
the material can be controlled, too [6]. 
In the beginning research in adaptronics was basically driven 
by the Aerospace Industry to design lightweight components 
for spacecrafts or military use. Piezoelectric actuators have 
been established for vibration reduction in Aerospace 
structures, telescopes and spacecrafts [7]. Shape memory 
alloys have been used as lightweight actuators for single 
actuation, so called frangiebolts [8], on numerous space 
missions.  
3. Using adaptronic systems in machine tools 
The integration of adaptronic systems in production 
engineering is aimed at reducing vibration or generating 
vibrations in order to improve quality of various production 
processes and process performance. In recent years there has 
been extensive research in the field of vibration reduction in 
machine tools using adaptronic systems. That covers the 
application of rheologicals fluids or shape memory alloys as 
well as piezoelectric systems for vibration reduction. Beyond 
that there are several investigations considering directed 
vibrations for improved machining processes [9]. 
3.1. Vibration-assisted machining (VAM) 
Vibration-assisted machining (VAM) combines precision 
machining with small-amplitude tool vibration to improve the 
production process. It offers several advantages over 
conventional precision machining as for instance reduced tool 
forces, extended tool life, reduced surface roughness, 
improved form accuracy and greater depth of cut. It has been 
applied to a number of processes, including turning, drilling, 
boring and grinding. Resonant 1D systems are the most 
common type for VAM, but there are also a few examples of 
non-resonant 1D VAM systems or even 2D systems. Usually 
an ultrasonic generator uses a piezoelectric actuator to create 
reciprocating harmonic motion of high frequency from 1 kHz 
up to 40 kHz, but very low amplitude of a few 10 μm. The 
motion of the tool usually has not to be closed loop 
controlled.  
VAM has been applied to difficult applications such as 
diamond turning of ferrous and brittle materials, creating 
microstructures with complex geometries for products like 
molds and optical elements, or economically producing 
precision macro-scale components in hard alloys such as 
Inconel or Titanium [10]. 
3.2. Fast tool servos (FTS) 
The basic principle of fast tool servos (FTS) systems is to 
connect conventional drives (large stroke) and fine piezo 
based (high resolution) drive stages, in series. FTS are 
suitable to achieve improved tool positioning accuracy, 
reduced tool vibration or even to create asymmetric surfaces 
[11]. The most common FTS systems are 1D, but there are 
few additional 2D systems which appear in literature as dual 
stage feed drives (DSFDs) [12]. Beyond that there are even a 
few systems with more than two degrees of freedom [13]. 
FTS systems usually realize amplitudes from a few 10 μm up 
to more than 100 μm. The bandwidth of these systems 
commonly does not exceed 1,000 Hz. Especially in multi-
dimensional systems the bandwidth is rather low since it is 
restricted by the cross talk between the actuators [13]. To 
achieve high accuracy it is necessary to control the position of 
the tool. Due to the required bandwidth, certain mechanical 
eigenfrequencies have to be considered in control design 
which makes it relatively ambitious [9]. 
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FTS systems have been applied for different applications, 
including diamond turning of brittle materials to achieve high 
surface quality for online chatter suppression and for the 
creation of asymmetric surfaces in cylinder bore [9]. 
4. Examples of controlled adaptronic tools in machining 
4.1. Controlled adaptronic form honing 
As a central part of a combustion engine the cylinder 
crankcase is of great significance in engine technology 
regarding efficiency and performance. 75% to 90% of 
undesired oil losses and 40% to 50% of the mechanical losses 
occurring in an internal combustion engine are related to the 
tribological system of piston, piston ring and cylinder liner. In 
particular, it depends on critical cylindrical shape deviations 
of the liner bore ranging from a few micrometers to tenths of 
millimeters [14, 15]. It can be assumed that its dimensions can 
be influenced by designing, but not prevented. 
The Fraunhofer IWU is developing out-of-round 
machining processes using adaptronic systems [16, 17]. An 
aim of adaptronic form honing is that the form honed macro 
shape will be an ideal cylinder when the distortion 
mechanisms of assembling and operation state occur 
(Fig. 2 (a)). 
 
 
Fig. 2. Adaptronic controlled honing (a) shape compensation steps; (b) 
concept of the adaptronic form honing tool; (c) process flow chart of the 
adaptronic form honing. 
Fig. 2 (b) shows the concept of an adaptronic honing tool. 
The cutting device consists of a honing stone (2), an actuator 
package (4) and a support bar (5). It is mounted in the tool 
body (3), enabling a movement in the radial direction (x) as a 
function of its position in the bore. Adaptronic infeed by piezo 
actuators of the actuator package (4) is used for highly 
dynamic motions of the honing stones (2). The movement is 
directly superimposed on the infeed of the support bar (5). 
This configuration guarantees that the losses of motion in the 
interfaces (6) are kept low. 
The following preliminary considerations apply for the 
development of the process flow in adaptronic form honing. 
The force controlled process of adaptronic form honing has to 
be stopped when the desired bore shape is achieved. For this 
purpose process modeling was applied prior to the actual 
honing experiments. The desired radial cutting allowance ΔR 
can be described as a function of the rotation angle and 
several related parameters resulting from the fact that the 
cutting device is guided along the wall of the bore, where the 
geometrical dimensions are modified by cutting in the course 
of the honing process. 
Fig. 2 (c) shows a block diagram of the process flow for 
adaptronic form honing. The data defining the process 
parameters are generated during modeling and are 
subsequently processed for the actuator control as a function 
of stroke position and angle of rotation. Shape measurements 
of pre-shape and form-honed shape were carried out on a 3D 
coordinate measuring machine using an overall reference 
system. 
Requirements on tool and process design arise e.g. from 
the analysis of the bore geometry to be manufactured, from 
requirements on productivity, dynamics and precision. In a 
specific case liner bores in a cylinder crankcase made of gray 
cast iron had to be honed. The bore diameter was 81 mm and 
the depth of bore 150 mm. The shape deviations to be 
machined were determined at a radial maximum of 20 μm. In 
order to reach the required productivity the process set up 
must provide a maximum spindle speed of 800 rpm and a 
modulation frequency of the actuators of 70 Hz. 
 
 
Fig. 3. New adaptronic honing tool in action (a); Example for specific target 
shape (b); Experimental results: axial cross section shapes (c). 
The investigated adaptronic form honing tool shown in 
Fig. 3 (a) consists of a basic tool body and three cutting 
devices, each made of (2), (4), (5) as described in Fig. 2 (a). 
Each actuator package consists of two piezo actuators and is 
suitable for a maximum radial movement of 60 μm or a 
maximum force of 4,000 N. 
The voltage values for the actuator control, which have 
been generated during process modeling, are stored in 
matrices and correlate to the actuator infeed as a function of 
the machining positions in the bore. The machine control is 
able to link the voltage values of the matrices to its analog 
voltage outputs. These provide voltages between 0 V and 
10 V for each actuator. Adjusted power amplifiers are 
required to utilize the potential of the actuators with a total 
operating voltage of 200 V. The data on the angle of rotation 
and the stroke position read out from the machine control 
enable an exact actuator control.  
Thus, one matrix is applied for each stroke, and the process 
is stopped when the number of generated strokes is reached. 
After machining, the shape of the bore is evaluated and 
analyzed by measurements. An output corrective matrix can 
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be used for optimizing the run in process and for ensuring 
process stability. 
Experiments with the new developed adaptronic form 
honing technology were carried out on a conventional single-
spindle vertical honing machine. The tool was equipped with 
one cutting device and the same honing stone material as used 
for a comparable conventional honing tool. 
In order to analyze the capability of the adaptronic form 
honing technology, four specific target-shapes, each for one 
liner bore, were derived (Fig. 3 (b)). The maximum radial 
cutting allowance ΔR was found to be 17 μm. Several 
processing strategies were applied in the experiments. 
As machining results reproducible shape accuracies of 
≤ +/- 3 μm were achieved for the target-shapes. Fig. 3 (c) 
shows an axial cross section of a cylindrical pre-shape, a 
target shape and the final form-honed shape. The 
corresponding form honing test consisted of honing with one 
correction loop. It was proved that the corrective function 
increased shape accuracy. To determine the surface roughness 
the roughness profile was measured according to DIN EN ISO 
13565 [18]. As a significant result a Rpk of 1.5…1.7 μm, 
which fulfills the requirements, could be achieved. The 
processing time in the experiments was approx. 50 s. To 
achieve the required cycle time of 25 s several performance 
optimizations can be applied. With increased cutting values of 
the form honing process the cycle time could be reduced by 
50%. The same improvement can be expected when using 
several cutting units. These potentials are combinable and 
contain a further effect on reducing cycle time. Another 
remarkable result is that first engine tests with a form-honed 
cylinder crank case showed positive results, for example a 
reduced oil consumption of 30%. 
Adaptronic form honing offers a high potential to optimize 
the tribological system of piston, piston ring and liner bore. 
An improvement of the cylinder shape in operation results in 
higher adaptability of the piston rings and the possibility to 
adjust the piston ring tension and thereby leads to a significant 
increase in efficiency of internal combustion engines. 
4.2. Adaptive spindle support for form boring 
Another out-of-round form boring process developed at the 
Fraunhofer IWU is realized by applying an adaptive spindle 
support on a machining center. The aim behind the associated 
cutting technology is similar to adaptronic form honing, but in 
contrast, a tool with only one single cutting edge is used here. 
The special feature is that the relative movement at the tool-
center point between tool and workpiece has to be influenced 
actively. In order to generate the relative movement the 
known principle of the adaptive spindle holder is used and 
adapted to the specific requirements. The principle is shown 
in Fig. 4. In contrast to conventional machining centers, the 
motor spindle is held by a solid joint which realizes the two 
degrees of freedom Mx and My [19]. The acting forces and the 
movement of the solid joint, or bearing, in the machine are 
activated by eight piezo actuators in differential arrangement. 
The actuators are arranged in pairs with an angle of 90° 
around the spindle axis. The angle between the actuators of an 
actuator pair is 60°. The torque required for tilting the spindle 
is supported by keeping the distance between the pivot of the 
kinematics and the center of mass as small as possible. This is 
followed by a required deflection of the cutting edge. 
 
Fig. 4. Structure and implementation of the adaptive spindle for boring 
applications. 
A sensor network consisting of five sensors is used in order 
to determine the spindle tilt and the tool deflection at the tool 
center point. Each pair of sensors measures the tilt by Mx and 
My. An additional sensor is used to detect a deflection along 
the spindle axis. Furthermore, strain gauge bridges are 
attached to the piezo actuators. These full bridges enable 
position control in actuator coordinates in addition to position 
control in Cartesian coordinates. 
First investigations of this adaptronic spindle system were 
conducted on cylinder crankcases. The first objective of 
technological development was to analyze the boring process 
in order to manufacture high-precision cylindrical bores. A 
further goal was to extend the process limits in order to fulfill 
the high quality requirements of powertrain components. 
These findings form the basis as regards technology and 
machine for the second requirement on researching processes 
- creating the technological prerequisites to utilize a piezo 
mounted spindle system during the boring process in order to 
specifically manufacture out-of-round bores. 
The experimental investigations on the technology 
development were first carried out using a hypoeutectic 
Aluminum alloy (AlSi9Cu3). The machining task consisted in 
boring of cylinder bores in the diameter range of 81 mm, 
using a bore length of 150 mm. 
Extending the process limits in boring implies an 
integrated process approach. Thus, the investigations included 
the determination of the machine characteristics of the 
demonstrator based on a multi-axial milling machine by 
Niles-Simmons, the design of the clamping device, the 
optimization of fine boring tools, especially regarding 
adaptation of the geometry of cutting material and cutting 
edge, the design of the cooling lubrication strategy and the 
determination of optimized cutting data. 
By systematically analyzing the complete process and by 
applying an extensive testing program, high requirements on 
accuracy as regards roundness, straightness and cylindricity 
could be met. The machined surface roughness was constant 
at Rz 1.2 μm. Reproducible results were achieved for 
200 bores without reaching the end of tool life of the boring 
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tool. The machining times were in the range of typical cycle 
times in the automotive industry.  
Based on these results, practical tests were conducted on 
the newly developed piezo mounted spindle system during the 
form boring process. The re-creation of the static distortion of 
cylinder liners at room temperature requires multiple radial 
deflection of the cutting edge per tool rotation of up to 50 μm. 
The resulting challenges consist of controlling the different 
cutting edge contact conditions as a function of the deflection 
during the tool rotation, as well as finding the optimal rpm for 
the deflection frequency and minimum speed when using 
PCD cutting materials. 
Within the framework of the systematic investigations, 
rotational speeds were tested successfully in a range between 
2,000 Hz to 6,000 Hz, as well as deflection amplitudes 
between 0 μm and 90 μm. Then the results were transferred to 
out-of-round bores with a constant shape throughout the 
boring depth – i.e. the out-of-round circular shape continued 
congruently along the Z-axis. Furthermore, various control 
concepts of the piezo actuators were investigated in order to 
generate bore shapes similar to the target shape as shown in 
Figure 3 (b). 
The resulting measurements of a large number of 
workpieces attest very good reproducibility within one bore as 
regards position, shape and amplitude. For example, the 
straightness and the parallelism of the lateral surfaces within 
one tolerance band are distinctly under 5 μm. Surface 
roughness could also be optimized to Rz 1.5 μm, considering 
the machining time definition of 30 sec and the process-
related different cutting edge contact conditions. Currently 
investigations are carried out using further relevant materials.  
4.3. Vibration assisted deep hole drilling and boring 
Controlled vibration assisted machining (VAM) is already 
applied in few cutting operations. Here investigation results 
for deep hole drilling are described and discussed. In 
conventional machining, the chip formation procedure can be 
influenced by superimposed ultrasonic vibrations. Frequently 
the cutting tool is employed to transmit vibrations into the 
process. The coupling point between machine spindle and 
vibrating tool system must be decoupled. The tool can be 
excited by means of ultrasonic vibrations both axially by 
longitudinal vibration, and radially in the form of torsion. The 
choice of which is the better direction for this excitation 
depends not only on the technique, but also on the selected 
tool shape. It is very difficult to generate torsion vibrations of 
noticeable amplitude, in particular, for tools with a small 
diameter. These vibrations also carry the risk of subjecting the 
tool to a deformation similar to that caused by bending 
vibration. This impasse may be circumvented by longitudinal 
vibration, which can be excited very easily and provides 
sufficiently high amplitudes in the vicinity of the cutting 
edges. Consequently, longitudinal waves are frequently 
utilized.  
Process-specific ultrasonic transducer units of modular 
design, which are, as a rule, applicable to conventional 
equipment, were designed and implemented in the 
investigation of ultrasonic vibration-assisted drilling. A tool 
chuck with integrated transducer and contactless energy 
supply was developed and tested at Fraunhofer IWU; it was 
used in deep drilling, as shown in Fig. 5. 
 
Fig. 5. Modified tool chuck for deep drilling. 
The drill is clamped in a commercially available chuck. 
Piezo ceramics are mounted in the backing material of the 
modified chuck. When energy is supplied, the piezo ceramics 
cause vibrations in the direction of the feed and transmit them 
to the drill, where they can be measured as vibration 
amplitudes at the cutting edge of the drill. 
Up to now, research conducted at Fraunhofer IWU has 
basically been aimed at the economic effects of ultrasonic 
vibration-assisted drilling or deep hole drilling into various 
materials. Previous investigations have proved that additional 
axial tool vibrations in the micron range have a positive 
impact on chip breaking and cutting forces and, consequently, 
on tool wear and tool life. Fig. 6 provides an exemplary view 
of chip breaking improved by superimposed ultrasonic 




Fig. 6. Chip breaking without the assistance of ultrasonic vibrations (a) and 
chip breaking assisted by ultrasonic vibrations (b). 
Vibration of the tool also has a positive effect on torque 
and cutting forces. When the ultrasonic vibrations were 
introduced, a drop in torque or cutting force was found. At the 
same time a successful reduction of tool wear due to vibration 
superimposition could be achieved. 
Further investigations of possible influence on chip 
breaking were conducted for ultrasonic assisted boring. In this 
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process, vibrations were introduced in the cutting speed 
direction. Typical chip shapes are illustrated in Fig. 7. 
 
Fig. 7. Improving chip breaking when turning out inner bronze contours; 
without vibration assistance (a) with ultrasonic vibration assistance (b). 
The introduction of ultrasonic vibrations provided more 
favorable chip shapes. Formation of shorter chips when 
machining with ultrasonic assistance results from the 
“unstable“ conditions in the cutting zone.  
Optimization of cutting parameters as a function of the 
amount of the generated vibration amplitude at the cutting 
edge is an important aspect to be considered in order to 
achieve optimum chip breaking.  
The various machining results showed better chip 
formation, reduced machining forces, higher metal removal 
rates and longer tool life thanks to the introduction of 
controlled ultrasonic vibrations. For each operation, matching 
of cutting and vibration parameters determines the 
performance of the method. The performance of the vibration 
system itself must also be considered while increased 
ultrasonic power results in increasingly unstable tool vibration 
characteristics. On the other hand, ultrasonic power values of 
up to 150 W are generally sufficient to influence the chip 
formation mechanism. 
5. Conclusions and Outlook 
Using various adaptronic systems can provide higher 
performance of cutting processes. The use of fast tool servos 
(FTS) systems for adaptronic form honing and adaptive 
spindle control during the investigations showed shape 
accuracy, surface roughness and productivity. With the option 
to machine out-of-round bores with adaptronic controlled 
honing and boring tools, the requirement for optimization of 
the tribological system of piston, piston ring, and cylinder 
liner in combustion engines could be met. 
Depending on the processing task, it is possible to apply 
both boring and honing for the final finishing step and to 
combine the technologies in one process chain. The fact is 
that there is an ongoing industrial demand for the utilization 
of these FTS-systems for various machining operations. Thus, 
out-of-round machining processes have to be further 
improved for series production. 
The benefits of the VAM-system ultrasonic vibration-
assisted machining, for example deep hole drilling shown 
here, are better chip formation, reduced machining forces and 
higher metal removal rates. The widespread application of 
adaptronic, or sometimes defined as hybrid processes in 
production, illustrates the efficiency of this machining 
process. 
In conclusion it can be said that the presented adaptronic 
systems and the associated machining processes allow both 
extending the limits of conventional machining processes and 
improve the final product performance. 
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